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SUHVHQW D UHJUHVVLRQ PRGHO IRU WRUTXH GHSHQGLQJ RQ
URWDWLRQ VSHHG n DQG IHHG UDWH v XVLQJ DQ H[SRQHQWLDO
IXQFWLRQ,WLVVKRZQWKDWn KDVDODUJHULPSDFWRQWRUTXH
WKDQv>@3HZHWDOGHYHORSHGDPRGHOIRUZHOGSRZHU
DQG KHDW LQSXW EDVHG RQ WRUTXH LQSXW 7RUTXH
PHDVXUHPHQW GDWD IURPZHOGV SHUIRUPHGZLWK YDULDEOH
URWDWLRQ VSHHG ZHUH XVHG WR ILW D UHJUHVVLRQ PRGHO
+RZHYHULWLVQRWGHVFULEHGKRZZHOGSRZHUKHDWLQSXW
DQGWRUTXHLQSXWHDFKDIIHFWWKHZHOGTXDOLW\>@/RQJHW
DO FRUUHODWHG WRUTXHQXJJHWJUDLQ VL]HDQG ORQJLWXGLQDO
IRUFHFx WR WRRO URWDWLRQ VSHHG DQG UHYHDOHG VXEVWDQWLDO
VLPLODULWLHV DPRQJ WKRVH UHVSRQVH YDULDEOHV 7KH\
REVHUYHGWKDWWKHGHFUHDVLQJUDWHRIWKHWRUTXHGHFUHDVHV
ZLWK LQFUHDVLQJ URWDWLRQ VSHHG DQG DWWULEXWHG WKLV WR D
VLJQLILFDQW GURS RI WKH PDWHULDO IORZ VWUHVV ZKHQ D
FULWLFDOSHDNWHPSHUDWXUHFORVHWRWKHVROLGXVLVDFKLHYHG
7RUTXHDQGWHPSHUDWXUHZHUHFDOFXODWHGEDVHGRQD'
&)'VLPXODWLRQ RI WKH )6: SURFHVV XVLQJ WKH =HQHU
+ROORPRQUHODWLRQVKLSWRGHVFULEHWKHGHSHQGHQFHRIWKH
IORZ VWUHVVRQ WHPSHUDWXUH DQG VWUDLQ UDWH&ORVH WR WKH
VROLGXV WKLV GHVFULSWLRQ RI WKH PDWHULDO EHKDYLRXU ZDV
PRGLILHG E\ WKH DXWKRUV WR ILW WKH REVHUYDWLRQV LQ WKH
H[SHULPHQWV >@ $ FRQFHSWXDO PRGHO FRUUHODWLQJ WKH
LQGHSHQGHQWSURFHVVYDULDEOHVWRWKHGHSHQGHQWUHVSRQVH
YDULDEOHV ZKLFK DUH UHODWHG WR KHDW JHQHUDWLRQ DQG
GLVVLSDWLRQ LV SUHVHQWHG E\ &ROOLJDQ 	 0LVKUD >@
7KHUHE\ WKH DXWKRUV HPSKDVLVHG WKH QHHG WR FOHDUO\
GLVWLQJXLVKEHWZHHQKHDWJHQHUDWLRQE\SODVWLFZRUNDQG
E\IULFWLRQ7KHTXDOLWDWLYHVWDWHPHQWVRIWKHPRGHOZHUH
YDOLGDWHG E\ H[SHULPHQWDO FDVH VWXGLHV &RQILUPLQJ WKH
UHVXOWVRI>@DQG>@WRUTXHZDVIRXQGWRFRQWLQXRXVO\
GHFUHDVHZLWKLQFUHDVLQJURWDWLRQVSHHGGXHWRDGHFUHDVH
RIWKHPDWHULDOIORZVWUHVVRZLQJWRGHIRUPDWLRQKHDWLQJ
DQGWKHUPDOVRIWHQLQJ>@1DQGDQHWDO>@DQG$URUD
HWDO>@FDOFXODWHGWKHWRUTXHEDVHGRQWKHDVVXPSWLRQ
WKDWWKHWRWDOVKHDUVWUHVVLQWKHWRROZRUNSLHFHLQWHUIDFH
LV D OLQHDU FRPELQDWLRQ RI D WHUP UHVXOWLQJ IURP GHIRU
PDWLRQDO ZRUN DQG DQRWKHU RQH UHVXOWLQJ IURP IULFWLRQ
XVLQJ WKHGLPHQVLRQOHVVVOLSUDWHZKLFKZDV ILUVW LQWUR
GXFHGE\6FKPLGWHWDO >@DVDZHLJKWLQJ IDFWRU7R
GHWHUPLQH WKH VOLS UDWH D FRUUHODWLRQ ILWWHG IURP GDWD
UHSRUWHG IRU WKH VOLS GXULQJ FURVVZHGJH UROOLQJ ZDV
XVHG7KHDOUHDG\PHQWLRQHG UHODWLRQVKLSEHWZHHQURWD
WLRQVSHHGDQGWKHUHVXOWLQJWRUTXHLVDOVRDFNQRZOHGJHG
E\ WKH DXWKRUV >@ >@ /RQJKXUVW HW DO GHYHORSHG D
V\VWHP IRU WRUTXH FRQWURO E\ YDU\LQJ WKH WRRO SOXQJH
GHSWKWRPDLQWDLQDGHVLUHGWRUTXH7KH\SRLQWHGRXWWKDW
IRUFH FRQWURO LV UHVWULFWHG WR D OLPLWHG UDQJH RI SUR
FHVVLQJSDUDPHWHUV³GXHWRWKHKLJKO\QRQOLQHDUUHODWLRQ
VKLSEHWZHHQD[LDO IRUFHDQG WKHSURFHVVSDUDPHWHUVRI
SOXQJH GHSWK URWDWLRQ VSHHG DQG WUDYHUVH VSHHG´ >@
7RUTXH FRQWURO KRZHYHU LV DWWULEXWHG WKH SRWHQWLDO WR
LQFUHDVHWKHUDQJHRIVXLWDEOHSURFHVVYDULDEOHVIRUVWDEOH
FRQWURO >@ $URUD HW DO FDOFXODWHG WKH WRUTXH XVLQJ D
WKUHHGLPHQVLRQDOKHDWWUDQVIHUDQGPDWHULDOIORZPRGHO
7KH\ IRXQG WKDW WKH WRUTXH UHVXOWLQJ IURP D VWLFNLQJ
FRQGLWLRQ LQ WKH WRROZRUNSLHFH LQWHUIDFH KDV D PD[L
PXPDWDVSHFLILFVKRXOGHUGLDPHWHU7KLVGLDPHWHUZDV
UHJDUGHG DV RSWLPDO WR PD[LPL]H PDWHULDO IORZ DURXQG
WKH WRRO DV WKH VWLFNLQJ WRUTXH UHSUHVHQWV WKH UHVLVWDQFH
RI WKH ZHDNHQHG PDWHULDO DJDLQVW WKH IORZ DURXQG WKH
WRRO>@
)URPWKH UHJDUGHG OLWHUDWXUH LWEHFRPHVREYLRXV WKDW
WRUTXH SOD\V D VLJQLILFDQW UROH LQ )6: 7KXV LQ WKLV
ZRUN DV D ILUVW VWHS DQ DQDO\WLFDO WRUTXH PRGHO LV
SUHVHQWHG ,Q IXWXUH ZRUN WKLV PRGHO ZLOO EH HQKDQFHG
IRUSURFHVVFRQWUROFRQVLGHULQJ WKH LQIOXHQFHRIJDSV LQ
EXWWMRLQWVDVDVHFRQGVWHS
([SHULPHQWDOPHWKRG
2.1. FSW equipment 
$ FRQYHQWLRQDO PLOOLQJ PDFKLQH +HOOHU0&+ 
DQG D D[LV DUWLFXODWHG URERW .8.$ .5 07
ZHUH XVHG WR SHUIRUP WKH H[SHULPHQWV LQ SRVLWLRQ DQG
IRUFH FRQWUROOHG PRGH UHVSHFWLYHO\ XVLQJ D WZRSDUWV
WRRO PDGH RI + VWHHO ;&U0R9 ZLWK D
VKRXOGHUGLDPHWHURIPPDQGDSLQGLDPHWHURIPP
7KHSLQIHDWXUHVDFRQLFDOWKUHDGZLWKWKUHHIODWVHTXDOO\
VSDFHG RQ WKH FLUFXPIHUHQFH $ WKHUPRFRXSOH 7& RI
W\SH.ZDVLQWHJUDWHGLQWRWKHWRROVKRXOGHUDWDGLVWDQFH
RI  PP IURP WKH VXUIDFH LQ RUGHU WR PHDVXUH WKH
WHPSHUDWXUH DV FORVH DV SRVVLEOH WR WKH WRROZRUNSLHFH
LQWHUIDFH7KHVLJQDOWUDQVPLVVLRQIURPWKHURWDWLQJWRRO
ZDVUHDOL]HGYLD%OXHWRRWK
2.2. Experimental setup 
,Q RUGHU WR H[SORUH WKH IXQGDPHQWDO FRUUHODWLRQV RI
WKH)6:SURFHVVDVSHFLDOWHVWULJZDVGHVLJQHGHQDEOLQJ
WKH VLPXOWDQHRXV PHDVXUHPHQW RI WKH FKDUDFWHULVWLF
UHVSRQVH YDULDEOHV WRUTXH M D[LDO IRUFH FZ DQG
WHPSHUDWXUH T XQGHU UHSURGXFLEOH WKHUPDO ERXQGDU\
FRQGLWLRQVM DQGFZZHUH WUDFHGE\ WKH ,30VRIWZDUH
,30 ,QWHJUDWHG 3URFHVV 0RQLWRULQJ RI WKH PDFKLQH
DQG DGGLWLRQDOO\ PHDVXUHG XVLQJ D FRPSRQHQW
G\QDPRPHWHURI.LVWOHUEHLQJPRUHSUHFLVHDQGDOORZLQJ
WRYHULI\WKHFDSWXUHGGDWD:KHUHDVWKH,30VLJQDOZDV
VDPSOHG ZLWK RQO\ +] WKH VDPSOLQJ UDWH RI WKH
G\QDPRPHWHU VLJQDO ZDV +] HQDEOLQJ D PRUH
GHWDLOHG SURFHVV DQDO\VLV 7R GHWHUPLQH WKH HIIHFWLYH
WRUTXH GXULQJ WKH )6: SURFHVV KRZHYHU DQ\ EHQGLQJ
PRPHQWDFWLQJRQ WKHG\QDPRPHWHUKDG WREHDYRLGHG
7KXVWKHWHVWUXQVZHUHFRQGXFWHGE\SOXQJLQJWKHWRRO
FRQFHQWULFDOO\ LQWR D F\OLQGULFDO VSHFLPHQ ZKLFK ZDV
FHQWUHG RQ WKH G\QDPRPHWHU ZLWKRXW DQ\ VXEVHTXHQW
IHHG PRWLRQ FRPSDUDEOH WR IULFWLRQ VWLU VSRW ZHOGLQJ
)66:VHH)LJ7KHVL]HRIWKHVSHFLPHQFRQVLVWLQJ
RI$$+ZLWKLQLWLDO\LHOGVWUHQJWKRI03D
ZLWK D GLDPHWHU DQGKHLJKW RI PPHDFKZDV FKRVHQ
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VXFK WKDW LWV KHDW FDSDFLW\ DOORZV WKH H[SHFWHG
WHPSHUDWXUH WR UHDFK D W\SLFDO OHYHO IRU )6:ZKLFK LV
FORVH WR WKH VROLGXV WHPSHUDWXUH >@ ZLWKLQ WKH
SURFHVVLQJ SHULRG RI V0RUHRYHU KHDW ORVVZKLFK
IRUWKLVVHWXSZDVGRPLQDWHGE\WKHUPDOFRQGXFWLRQZDV
PLQLPL]HG E\ SODFLQJ DOLJQLQJ SLQV EHWZHHQ WKH
VSHFLPHQ DQG WKH XQGHUO\LQJ LQVXODWLQJ SODWH $V WKH
G\QDPRPHWHU KDV WR EH SURWHFWHG IURP HOHYDWHG
WHPSHUDWXUHVWKHLQVXODWLQJSODWHLWVHOIZDVPRXQWHGRQ
D FRROLQJ SODWH ZKLFK ZDV GLUHFWO\ IL[HG RQ WKH
G\QDPRPHWHU$OOFRPSRQHQWVZHUHFHQWUHGE\FHQWULQJ
EROWV

)LJ([SHULPHQWDOVHWXSVFKHPDWLF
$SDUWIURPWKHWRROVKRXOGHUWHPSHUDWXUHVZHUHDOVR
PHDVXUHG LQ WKH VSHFLPHQE\ LQVHUWHG WKHUPRFRXSOHVDW
VHYHQGLIIHUHQWSRVLWLRQVZLWKVL[RIWKHPSODFHGFORVHWR
WKHZHOG]RQH)RU WKHHYDOXDWLRQ LQFKDSWHURQO\ WKH
WHPSHUDWXUH RI 7& VHH )LJ  ZKLFK FRUUHODWHV EHVW
ZLWK WKHPHDVXUHG WRUTXHZDV WDNHQ LQWR DFFRXQW7KH
LQGHSHQGHQWSURFHVVSDUDPHWHUVVXFKDVURWDWLRQVSHHGn
DQGSOXQJHGHSWKdplZHUHVWHSZLVHYDULHGDFFRUGLQJWR
7DEOHGXULQJHDFKVLQJOHWULDOWRLQYHVWLJDWHWKHLPSDFW
RQWKHGHSHQGHQWUHVSRQVHYDULDEOHVMFZDQGT7KXV
WKHG\QDPLFEHKDYLRXURIWKHSURFHVVFRXOGEHDQDO\]HG
7DEOH([SHULPHQWGHVLJQ
7ULDO URWDWLRQSHHG
n >PLQ@
SOXQJHGHSWK
dpl>PP@
GZHOOWLPH
¨t >V@
D[LDOIRUFH
FZ>N1@
9    
   
   
   
   
   
   
   
   
9    
   
   
   
   
9    

7KHEHQHILWV RI WKHGHVFULEHG WHVW ULJ DUH WKDW L WKH
WHPSHUDWXUHVFORVHWRWKHZHOG]RQHFDQEHFRQWLQXRXVO\
PHDVXUHGDQGLL WKHFDSWXUHG WRUTXH LVQRWDGXOWHUDWHG
E\DQ\EHQGLQJPRPHQWERWKEHFDXVH WKH WRRO LH WKH
KHDWVRXUFHGRHVQRWPRYHIRUZDUG$OOVLJQDOVH[FHSW
WKHWHPSHUDWXUHVLJQDORI WKHURWDWLQJWRROVKRXOGHUFDQ
EH WUDQVPLWWHG E\ ZLUH ZKLFK LV EHQHILFLDO IRU WKH
TXDOLW\RIWKHJDWKHUHGGDWD
7RUTXHPRGHOOLQJ
3.1. Assumptions 
7KHVXEVHTXHQWDVVXPSWLRQVKDYHEHHQPDGHLQRUGHU
WRNHHSWKHWRUTXHPRGHODVVLPSOHDVSRVVLEOH
x $7KHWRROSLQLVF\OLQGULFDOZLWKRXWDQ\IHDWXUHV
DQGWKHVKRXOGHULVIODW
x $$QHTXDOGLVWULEXWLRQRIWKHPDWHULDOIORZVWUHVVı
LVDVVXPHGDWWKHWRROZRUNSLHFHLQWHUIDFH>@7KLVLV
UHDVRQDEOHDVWKHPDWHULDOLQWKHZHOG]RQHLV
ZHDNHQHGGXHWRWKHSURFHVVWHPSHUDWXUHFORVHWRWKH
VROLGXVDQGWKXVLWVSURSHUWLHVFDQEHDSSUR[LPDWHG
E\DYLVFRSODVWLFEHKDYLRU>@
x $7KHIULFWLRQFRHIILFLHQWμfLVFRQVWDQW
x $7KHUHLVRQO\URWDWLRQDOPDWHULDOIORZDURXQGWKH
WRROLHWKHPDWHULDOIORZLVWZRGLPHQVLRQDOZLWKRXW
DQ\FRPSRQHQWSDUDOOHOWRWKHWRROURWDWLRQD[LV
x $8VLQJWKHYRQ0LVHVFULWHULRQWKH\LHOGVKHDU
VWUHVVĲplasticFDQEHHVWLPDWHGE\WKHPDWHULDO\LHOG
VWUHVVıDV߬௣௟௔௦௧௜௖ ൌ ߪȀξ͵>@
x $7KHZLGWKwRIWKHVKHDUOD\HUVXUURXQGLQJWKH
WRROSURILOHLVFRQVWDQW>@
x $7KHYHORFLW\SURILOHDFURVVWKHVKHDUOD\HUZLGWK
LVOLQHDU>@
:LWK WKH SK\VLFDO DVVXPSWLRQV $$ WKH IROORZLQJ
WRUTXHPRGHOIRU)6:LVGHULYHG
3.2. Analytical method 
7KH WRUTXH M DFWLQJ RQ WKH WRRO GXULQJ WKH )6:
SURFHVVUHVXOWVIURPWKHSUHYDLOLQJVKHDUVWUHVVĲcontact LQ
WKH FRQWDFW LQWHUIDFH DQG FDQEHGHVFULEHGDFFRUGLQJ WR
>@DQG>@DV
ܯ ൌ ׯ ݎ ή ሺ߬௖௢௡௧௔௖௧ ή ݀ܵሻǡௌ   
ZKHUH r LV WKH GLVWDQFH RI WKH FRQVLGHUHG WRRO VXUIDFH
HOHPHQW dS IURP WKH WRRO URWDWLRQ D[LV 8VLQJ WKH
DVVXPSWLRQV$DQG$HTFDQEHZULWWHQDV
ܯ ൌ ʹߨ߬௖௢௡௧௔௖௧ ቀ
௥ೄ
య
ଷ
൅ ݎ௉ଶ݄ቁ  
ZLWKWKHVKRXOGHUDQGSLQUDGLXVrSDQGrPUHVSHFWLYHO\
ZKLFKLVLQDFFRUGDQFHZLWK>@$VDOUHDG\PHQWLRQHG
6FKPLGW HW DO >@ VSOLW Ĳcontact LQWR IULFWLRQDO DQG
GHIRUPDWLRQDOVKHDUVWUHVVĲfrictionDQGĲplasticUHVSHFWLYHO\
$QDO\]LQJSRVVLEOHFRQWDFWFRQGLWLRQVUDQJLQJIURPSXUH
VOLGLQJWRIXOOVWLFNLQJWKH\LQWURGXFHGWKHGLPHQVLRQOHVV
FRQWDFWVWDWHYDULDEOHįZKLFKLVGHILQHGDV>@
DOLJQLQJ SLQV
[ [
[
[
[
[
[
[
VSHFLPHQFHQWHULQJ EROW
VFUHZV
FRROLQJ SODWH
LQVXODWLQJ SODWH
G\QDPRPHWHU
]
\[
WRRO VKRXOGHU
WRRO SLQ
WKHUPRFRXSOH 7&
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ߜ ൌ ௩ೞ೗
௩೟೚೚೗
ൌ ௩ೞ೗
ఠ௥
ǡ 
UHODWLQJWKHYHORFLW\RIWKHPDWHULDOLQWKHVKHDUOD\HUvsl
WRWKHYHORFLW\RIWKHWRROvtoolȦ EHLQJWKHDQJXODUYHOR
FLW\7KXVĲcontactLQHTFDQEHH[SUHVVHGDV>@>@
߬௖௢௡௧௔௖௧ ൌ ߜ ή ߬௣௟௔௦௧௜௖ ൅ ሺͳ െ ߜሻ ή ߬௙௥௜௖௧௜௢௡ Ǥ 
7KH ILUVW VXPPDQG LV FRPSDUDEOH WR WKH GHILQLWLRQ RI
VKHDU VWUHVV DFFRUGLQJ WR 7UHVFD¶V IULFWLRQ ODZ >@
8VLQJDVVXPSWLRQ$DQG&RXORPE¶VODZIRUWKHVHFRQG
VXPPDQGHTFDQEHUHZULWWHQDV
߬௖௢௡௧௔௖௧ ൌ ߜ ή
ఙ
ξଷ
൅ ሺͳ െ ߜሻ ή ߤ௙݌ǡ݌ ൌ 
ி೥
௥ೄ
మήగ
  
ZLWK p EHLQJ WKH SUHVVXUH DFWLQJ IURP WKH WRRO RQ WKH
PDWHULDO7KXV WKHSURFHVV UHVSRQVHYDULDEOHFZ FDQEH
LQWHJUDWHGLQWRWKHPRGHO$FRPPRQO\DSSOLHGDSSURDFK
LQ PRGHOLQJ WKH WHPSHUDWXUH DQG VWUDLQ UDWH GHSHQGHQW
IORZ\LHOG VWUHVV ı RI WKH PDWHULDO LV WKH FRQVWLWXWLYH
UHODWLRQVKLSSURSRVHGE\6KHSSDUG	:ULJKW>@
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ቑǡ  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
ZKHUH Į A DQGm DUH PDWHULDO FRQVWDQWV DQG Z LV WKH
WHPSHUDWXUHFRPSHQVDWHGVWUDLQ UDWHDFFRUGLQJ WR=HQHU
	+ROORPRQ>@
ܼ ൌ ߝሶ ή ݁ݔ݌ ቀ ொ
ோ்
ቁǡ  
ZKHUHߝሶ LVWKHVWUDLQUDWHQ LVWKHDFWLYDWLRQHQHUJ\RLV
WKHXQLYHUVDOJDVFRQVWDQWDQGTLVWKHWHPSHUDWXUH'XH
WR WKH KLJK WHPSHUDWXUH SUHYDLOLQJ LQ WKH ZHOG ]RQH
VWUDLQ KDUGHQLQJ HIIHFWV DUH FRPSHQVDWHG E\ G\QDPLF
UHFU\VWDOOL]DWLRQ7KXVWKHVWUDLQOHYHOLVQHJOLJLEOH>@
:LWK WKH DVVXPSWLRQV $ $ DQG $ 6FKPLGW >@
VSHFLILHV WKH VWUDLQ UDWH LQ WKH VKHDU OD\HU ZLGWK XVLQJ
SRODUFRRUGLQDWHVDV
ߝሶ௥ǡఏ ൌ
ఋఠ௥
ଶή௪ೝ
ܽ݊݀ߝሶ௭ǡఏ ൌ
ఋఠ௥
ଶή௪೥
ǡ 
ZLWK WKH LQGLFHVrDQGzGHQRWLQJ WKHGLUHFWLRQVSHUSHQ
GLFXODUDQGSDUDOOHOWRWKHWRROURWDWLRQD[LVUHVSHFWLYHO\
$VįLVDOUHDG\FRQVLGHUHGLQHTLWZLOOQRWEHXVHG
IXUWKHU LQ WKH SURSRVHG VROXWLRQ IRUߝሶRI 6FKPLGW >@
7R FDOFXODWH WKH UDGLXV GHSHQGHQW VWUDLQ UDWH LQ ]
GLUHFWLRQDPHDQUDGLXV
ݎ௠ ൌ ሺݎ௉ ൅ ݎௌሻȀʹ 
LV XVHG :LWK DVVXPSWLRQ $ DQG HT  DQ DYHUDJH
VWUDLQ UDWHSUHYDLOLQJ LQ WKHVKHDU OD\HUDURXQG WKH WRRO
SURILOHFDQEHFDOFXODWHGDV
ߝሶ௠ ൌ
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ଶ
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ఠ
଼௪
ή ሺ͵ݎ௉ ൅ ݎௌሻǤ 
&RPELQLQJ HT  WKH VXEVHTXHQW UHODWLRQVKLS IRU
WRUTXH DFWLQJ RQ WKH WRRO GXULQJ )6: KDV EHHQ
GHYHORSHG
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
7KHWRUTXHPRGHOFDQEHHYDOXDWHGDWORZFRPSXWDWLRQDO
FRVWV DV QR QXPHULFDO PHWKRGV DUH QHHGHG ZKLFK LV
YHU\DGYDQWDJHRXVZLWKUHVSHFWWRHIILFLHQWSURFHVVFRQ
WURO+RZHYHUPHDVXUHGYDOXHVIRUWKHWHPSHUDWXUHWKH
D[LDOIRUFHDQGWKHZLGWKRIWKHVKHDUOD\HUDUHQHHGHGDV
LQSXW <HW FRQWUDU\ WR SXUHO\ H[SHULPHQWDOO\ GHULYHG
SURFHVVPRGHOVEDVHGRQUHJUHVVLRQDQDO\VLVWKHSUHVHQ
WHGPRGHODOVRSHUPLWVWKHLQYHVWLJDWLRQRIIXQGDPHQWDO
SURFHVV FRUUHODWLRQV SURYLGLQJ D PRUH SURIRXQG XQGHU
VWDQGLQJ 7KH RQO\ XQNQRZQ LQSXW SDUDPHWHUV DUH WKH
IULFWLRQ FRHIILFLHQW μf DQG WKH FRQWDFW VWDWH YDULDEOH į
ERWK GHVFULELQJ WKH FRQWDFW FRQGLWLRQ LQ WKH WRROZRUN
SLHFHLQWHUIDFHZKLFKVWLOOLVDFUXFLDOSRLQWLQPRGHOOLQJ
WKH )6:SURFHVV 6HYHUDO UHVHDUFKHUV HVWLPDWHG YDOXHV
IRUμf W\SLFDOO\ UDQJLQJ IURP  WR  >@ >@ >@
$URUDHWDODVVXPHįWRUDQJHIURPWR>@0RUH
VSHFLILHG YDOXHV IRU į KRZHYHU DUH QRW UHSRUWHG LQ
OLWHUDWXUH
7KH PRGHO LQ HT  GRHV QRW DFFRXQW IRU WKH
LQIOXHQFHRI WKH WUDYHO VSHHGDQGJDSZLGWK\HW7KHVH
SDUDPHWHUVZLOOEHLQWHJUDWHGLQWKHQHDUIXWXUH
5HVXOWVDQGGLVFXVVLRQ
4.1. Analysis of measured process responses 
7RJLYHDQH[DPSOHRIWKHUHVXOWDQWSURFHVVUHVSRQVHV
MeFZ DQGT DUH SORWWHG RYHU WKH HQWLUH SHULRG RI WULDO
9VHH7DEOHLQ)LJ$GGLWLRQDOO\WKH]SRVLWLRQ
zposRIWKHWRROFRUUHODWLQJZLWKWKHSOXQJHGHSWKdplZDV
UHFRUGHG )RU WKH HYDOXDWLRQ WKH SOXQJH SKDVH XQWLO WKH
ILUVW FRQWDFW RI WKH VKRXOGHUZLWK WKHZRUNSLHFH LH DW
WLPH W    V LV QRW WDNHQ LQWR DFFRXQW ,W LV REVHUYHG
WKDW Me DQG FZ JHQHUDOO\ GHFUHDVH ZLWK LQFUHDVLQJ T
VRIWHQLQJ WKHPDWHULDO LQ WKH VKHDU OD\HU >@ DQG YLFH
YHUVD MeDQGFZGLUHFWO\ UHDFW WR WKHDEUXSW LQFUHPHQWV
RIdplZLWKDVLJQLILFDQWO\LQFUHDVLQJUHVSRQVHRIMeDVn
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
LVUHGXFHG7KHRQJRLQJULVHRIT LQVHFWRU,,GHVSLWHRI
WKH UHGXFHGn LVGXH WR WKH IDFW WKDW WKHKHDW LQSXW LQWR
WKHVSHFLPHQE\WKHWRROLVVWLOOODUJHUWKDQWKHKHDWORVV
7KLV FKDQJHV LQ VHFWRU ,,, ZKHUH n LV VLJQLILFDQWO\
ORZHUHG&RQWUDU\WRdpl WKHURWDWLRQVSHHGFRXOGQRWEH
VKDUSO\YDULHGEXWKDG WREH UDPSHGGXH WR WKH OLPLWHG
WROHUDEOH URWDWLRQDO DFFHOHUDWLRQ RI WKH WHPSHUDWXUH
VHQVRU V\VWHP IL[HG DW WKH WRRO 7KXV WKH LPPHGLDWH
LPSDFWRI WKHGHFUHDVLQJn RQ WKH UHVSRQVHYDULDEOHV LV
VPRRWKHU

)LJ9±PHDVXUHGSURFHVVUHVSRQVHVMeFZTVWHSZLVH
LQFUHDVHGSOXQJHGHSWK±PPLQFUHPHQWPPDW
URWDWLRQVSHHGn1 PLQn2 PLQDQGn3 PLQ
4.2. Friction coefficient 
$V DOUHDG\PHQWLRQHG DERYH WKH IULFWLRQ FRHIILFLHQW
μf LV FUXFLDO LQ PRGHOOLQJ WKH )6: SURFHVV $VVXPLQJ
IXOOVOLGLQJį DVFRQWDFWFRQGLWLRQDQGXVLQJHT
DQG μf FDQ EH FDOFXODWHG IURP WKHPHDVXUHG WRUTXH
DQGD[LDOIRUFHDV
ߤ௙ ൌ ܯ௘Ȁ ቈʹ ή ܨ௓ ቆ
ݎௌ
͵
൅
ݎ௉ଶ
ݎௌଶ
݄ቇ቉Ǥ 
(YDOXDWLQJ Me DQG FZ RI WULDO 9 VHH )LJ 
DFFRUGLQJWRHTWKHLPSDFWRIWKHSOXQJHGHSWKDQG
WKHURWDWLRQVSHHGRQμfFDQEHLQYHVWLJDWHGVHH)LJ


)LJ9,PSDFWRISOXQJHGHSWKDQGURWDWLRQVSHHGRQWKH
IULFWLRQFRHIILFLHQW
$GLVWLQFWGHFUHDVHRIμfKDVEHHQREVHUYHGZKHQdpl
LVDEUXSWO\LQFUHDVHGGXHWRDODUJHULQFUHDVHRIFZZLWK
dpl FRPSDUHG WRMe 7KLV UHODWLRQVKLS ZDV IRXQG WR EH
LQGHSHQGHQW RIT EXW LV DIIHFWHG E\ WKH URWDWLRQ VSHHG
VLQFH WKH LPSDFW RI¨dpl RQ¨μf LV KLJKHU DW ORZHUn ,Q
JHQHUDOμfLQFUHDVHVZLWKGHFUHDVLQJnQRWGHSHQGLQJRQ
T7KXVnPLJKWDIIHFWWKHFRQWDFWFRQGLWLRQLQWKHWRRO
ZRUNSLHFHLQWHUIDFH
,Q )LJ  WKH IULFWLRQ FRHIILFLHQW DQG WKH
FRUUHVSRQGLQJWHPSHUDWXUHDUHSORWWHGIRUWULDO9VHH
7DEOHVWDUWLQJDWWKHSRLQWRIIXOOVKRXOGHUFRQWDFW)RU
WKHXVHGPDWHULDOSDLULQJLQWKHWRROZRUNSLHFHLQWHUIDFH
+ VWHHO ± $$+ μf ZDV IRXQG WR UDQJH
EHWZHHQDQGFRQILUPLQJ WKHUHVXOWVRI >@ >@
DQG >@ )URP  WR & D VLJQLILFDQW FRUUHODWLRQ
EHWZHHQ μf DQG T KRZHYHU FDQQRW EH LGHQWLILHG
MXVWLI\LQJ DVVXPSWLRQ $ 7KLV LPSOLHV D VLPLODU
WHPSHUDWXUHGHSHQGHQWEHKDYLRXURIMDQGFZ


)LJ9±)ULFWLRQFRHIILFLHQWDQGWHPSHUDWXUHn PLQ
IRUFHFRQWUROOHGDWFZ N1
4.3. Model validation 
,Q RUGHU WR YDOLGDWH WKH SUHVHQWHG WRUTXHPRGHO WKH
WRUTXHMįFDOFXODWHGIURPHTLVFRPSDUHGZLWKWKH
PHDVXUHG WRUTXH Me IURP H[SHULPHQWV 7KH UHFRUGHG
IRUFH DQG WHPSHUDWXUH GDWD DVZHOO DV WKHZLGWK RI WKH
VKHDU OD\HUGHWHUPLQHGIURPPLFURJUDSKVZHUHWDNHQDV
LQSXWIRUWKHPRGHO9DOXHVIRUWKHPDWHULDOFRQVWDQWV Į
A DQG m ZHUH FKRVHQ DFFRUGLQJ WR >@ 7KH IULFWLRQ
FRHIILFLHQWZDVVHWWRZKLFKDJUHHVZHOOZLWKYDOXHV
IURP OLWHUDWXUH >@ >@ >@ DQG YDOXHV IRXQG LQ WKLV
ZRUN VHH )LJ  7ULDO 9 LV HYDOXDWHG LQ )LJ 
VKRZLQJ WKH PHDVXUHG UHVSRQVH YDULDEOHV DQG WKH
FDOFXODWHGWRUTXHIRUYDULRXVFRQWDFWFRQGLWLRQVLHIXOO
VOLGLQJį IXOOVWLFNLQJį DQGVOLGLQJVWLFNLQJ
į    ,Q RUGHU WR FRPSDUH WKH ORFDO EHKDYLRXU RI
Mį=1 DQGMį=0.2ZLWKMe DQG YLVXDOL]H DOO WKUHH VLJQDOV
XVLQJ D VLQJOH WRUTXH VFDOHMį=1 DQGMį=0.2 KDG WR EH
SORWWHGZLWK DQRIIVHW RI  DQG 1P UHVSHFWLYHO\
ZKLFKLVGLVFXVVHGODWHURQ
7KH FDOFXODWHG WRUTXH Mį=0.2 GHVFULEHV WKH JHQHUDO
WUHQG RIMe LQ D TXDOLWDWLYH JRRGPDQQHU /RFDOO\ WKH
PRGHOTXDQWLWDWLYHO\FDSWXUHVQRWRQO\WKHSHDNVLQGXFHG
E\ WKH VWHSXSVRIdpl EXW FDWFKHV DOVR WKHFRLQFLGHQWDO
GURSV FDXVHG E\ D VXGGHQ LQFUHDVH LQTZKLFK LQ WKLV
FDVHZDV GXH WR D VPDOO LQFUHDVH LQFZ 7KLV EHFRPHV
REYLRXVLQ)LJDWSRLQWVW VDQGW VGDVKHG
UHFWDQJOHV :KHUHDV WKH IULFWLRQ EDVHG PRGHO Mį=0 LV
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
LQVHQVLWLYH WR T DQG WKXV LQFUHDVHV Mį=0.2 FRUUHFWO\
GHVFULEHV WKH EHKDYLRXU RI Me GXH WR WHPSHUDWXUH
VHQVLWLYLW\

)LJ9±&RPSDULVRQRIPHDVXUHGWRUTXHMeZLWKFDOFXODWHG
WRUTXHMįXVLQJGLIIHUHQWįYDOXHVw PPμf OQA 
VĮ 03Dm  QAA5083 -PROR 
-PRO.
$V DOUHDG\ PHQWLRQHG WKH SUHGLFWHG OHYHO RI WKH
WRUTXHMį=0.2 LVWRRKLJKFRPSDUHGWRH[SHULPHQWDOGDWD
ZKLFKPLJKWEHRZLQJ WR WKHDVVXPSWLRQVPDGHDERYH
5HGXFLQJ į ZRXOG GHFUHDVH WKH HUURU EXW ZRXOG DOVR
GLPLQLVK WKH WHPSHUDWXUH VHQVLWLYLW\ RI WKHPRGHO ,W LV
SRLQWHGRXWWKDWWKHH[SHULPHQWVSHUIRUPHGLQWKLVZRUN
GR QRW UHSUHVHQW WKH W\SLFDO )6: SURFHVV $V WKH WRRO
GRHV QRW WUDYHO WKH FRQWDFW FRQGLWLRQ LQ WKH WRRO
ZRUNSLHFHLQWHUIDFHPLJKWEHFORVHWR³IXOOVOLGLQJ´LH
įa$SSO\LQJWKHPRGHOWRFRPPRQ)6:ZHOGVJRRG
DJUHHPHQWEHWZHHQFDOFXODWHGDQGPHDVXUHGWRUTXHZDV
DFKLHYHGIRUį LQGLFDWLQJDQLQFUHDVHLQVWLFNLQJ
&RQFOXVLRQDQGRXWORRN
%DVHGRQDVOLGLQJVWLFNLQJFRQWDFWFRQGLWLRQDVLPSOH
VHPLDQDO\WLFDO PRGHO IRU )6: KDV EHHQ GHYHORSHG
FRUUHODWLQJ WKH IXQGDPHQWDO UHVSRQVH YDULDEOHV WRUTXH
D[LDOIRUFHDQGWHPSHUDWXUH)RUYDOLGDWLRQRIWKHPRGHO
D VSHFLDO WHVW ULJ ZDV VHW XS HQDEOLQJ WKH SUHFLVH
PHDVXUHPHQW RI WKH UHVSRQVH YDULDEOHV 7KH FDOFXODWHG
DQGPHDVXUHGWRUTXHDUH LQJRRGTXDOLWDWLYHDJUHHPHQW
+RZHYHUWKHPRGHOSUHGLFWVWRRKLJKYDOXHV8VLQJWKH
PHDVXUHGD[LDOIRUFHDQGWHPSHUDWXUHWKHIULFWLRQFRHIIL
FLHQWμfZDVFDOFXODWHGDQGDQDO\]HG,WZDVIRXQGWKDWμf
x GURSVZLWKDQDEUXSWLQFUHDVHRIWKHSOXQJHGHSWK
x LQFUHDVHVZLWKGHFUHDVLQJURWDWLRQVSHHG
x LVWHPSHUDWXUHLQGHSHQGHQWIURPWR&DVD
ILUVWDSSUR[LPDWLRQ
x DQGPDLQO\UDQJHVEHWZHHQDQGIRUWKHXVHG
PDWHULDOSDLULQJ+VWHHOWRRODQG$$+
ZRUNSLHFH
,Q RUGHU WR TXDOLI\ WKH WRUTXH PRGHO IRU SURFHVV
FRQWUROWUDYHOVSHHGDQGJDSZLGWKZLOOEHLQWHJUDWHGDV
LQGHSHQGHQW YDULDEOHV $ VHDP WUDFNLQJ V\VWHP DV
GHYHORSHGZLWKLQWKHUHVHDUFKSURMHFWRI7UDQVUHJLR±
$ PLJKW EH XVHG WR FDSWXUH WKH JDS ZLGWK LQ EXWW
MRLQWV DQG SURYLGH WKH GHVFULEHG PRGHO ZLWK WKLV
LQIRUPDWLRQ %DVHG RQ WKH PRGHO WRUTXH PLJKW EH
FRQWUROOHG WR FRPSHQVDWH WKH QHJDWLYH LPSDFW RI JDSV
ZLWKLQDVSHFLILFUDQJH
$FNQRZOHGJHPHQWV
7KH ZRUN LV EDVHG RQ WKH LQYHVWLJDWLRQV RI WKH
VXESURMHFW$³-RLQLQJRIOLJKWZHLJKWVWUXFWXUHV´RI
WKH 7UDQVUHJLRQDO &ROODERUDWLYH 5HVHDUFK &HQWHU
7UDQVUHJLRZKLFKLVNLQGO\VXSSRUWHGE\WKH*HUPDQ
5HVHDUFK)RXQGDWLRQ')*
5HIHUHQFHV
>@ 7KRPDV:01LFKRODV('1HHGKDP-&0XUFK0*
7HPSOHVPLWK3'DZHV&-*%3DWHQW'HFWK

>@ &ROOLJDQ.-,Q/RKZDVVHU'&KHQ=(G)ULFWLRQVWLU
ZHOGLQJ:RRGKHDG3XEOLVKLQJ/LPLWHG&DPEULGJH
>@ =DSSLD7,Q/RKZDVVHU'&KHQ=(G)ULFWLRQVWLU
ZHOGLQJ:RRGKHDG3XEOLVKLQJ/LPLWHG&DPEULGJH
>@ $UEHJDVW:-,Q0LVKUD5HWDO(G)ULFWLRQ6WLU:HOGLQJ
DQG3URFHVVLQJ0DWHULDOV3DUN2KLR$60,QWOSS

>@ 6KHUFOLII+5&ROHJURYH3$,Q0LVKUD5HWDO+UVJ
)ULFWLRQ6WLU:HOGLQJDQG3URFHVVLQJ0DWHULDOV3DUN2KLR$60
,QWOSS
>@ .KDQGNDU0=+.KDQ-$5H\QROGV$36FLHQFHDQG
7HFKQRORJ\RI:HOGLQJDQG-RLQLQJSS
>@ &XL6&KHQ=:5REVRQ-',QWHUQDWLRQDO-RXUQDORI
0DFKLQH7RROVDQG0DQXIDFWXUHSS
>@ 3HZ-:1HOVRQ7:6RUHQVHQ&'6FLHQFHDQG
7HFKQRORJ\RI:HOGLQJDQG-RLQLQJSS
>@ /RQJ77DQJ:5H\QROGV$36FLHQFHDQG7HFKQRORJ\RI
:HOGLQJDQG-RLQLQJSS
>@&ROOLJDQ.-0LVKUD566FULSWD0DWHULDOLD
SS
>@1DQGDQ55R\**/LHQHUW7-'HE5R\7$FWD
0DWHULDOLDSS
>@$URUD$1DQGDQ55H\QROGV$3'HE5R\76FULSWD
0DWHULDOLDSS
>@1DQGDQ5'HE5R\7%KDGHVKLD+.'+3URJUHVVLQ
0DWHULDOV6FLHQFHSS
>@6FKPLGW++DWWHO-:HUW-0RGHOOLQJDQG6LPXODWLRQLQ
0DWHULDOV6FLHQFHDQG(QJLQHHULQJSS
>@/RQJKXUVW:56WUDXVV$0&RRN*()OHPLQJ3$
,QWHUQDWLRQDO-RXUQDORI$GYDQFHG0DQXIDFWXULQJ7HFKQRORJ\
SS
>@$URUD$'H$'HE5R\76FULSWD0DWHULDOLD
SS
>@6FKPLGW+1,Q/RKZDVVHU'HWDO+UVJ)ULFWLRQVWLU
ZHOGLQJ&DPEULGJH:RRGKHDG3XEOLVKLQJ/LPLWHG
SS
>@)ULJDDUG*URQJ0LGOLQJ270HWDOOXUJLFDODQG
0DWHULDOV7UDQVDFWLRQV$$SS
>@6KHSSDUG7:ULJKW'60HWDOV7HFKQRORJ\
SS
>@=HQHU&+ROORPRQ-+-RXUQDORI$SSOLHG3K\VLFV
SS
>@9DOEHUJ+6$SSOLHG0HWDO)RUPLQJ1HZ<RUN86$
&DPEULGJH8QLYHUVLW\3UHVV,6%1
>@6KHSSDUG7-DFNVRQ$0DWHULDO6FLHQFHDQG7HFKQRORJ\
SS
      




to
rq
ue
 in
 N
m
WLPHWLQV






te
m
pe
ra
tu
re
T
in
°C
0ɷ 
0ɷ 
7
0ɷ 
0e
